Symptom recovery in nepovirus-infected plants has been attributed to the induction of RNA silencing. However, recovery is not always accompanied with viral RNA clearance. In this study, we show that recovery of Nicotiana benthamiana plants infected with the tomato ringspot virus (ToRSV) is associated with a reduction of the steady-state levels of RNA2-encoded coat protein (CP) and movement protein but not of RNA2. In vivo labeling experiments revealed efficient synthesis of the CP early in infection, but reduced RNA2 translation later in infection. Silencing of Argonaute1-like (Ago1) genes prevented both symptom recovery and RNA2 translation repression. Similarly, growing the plants at lower temperature (21 1C rather than 27 1C) alleviated the recovery and the translation repression. Taken together, our results suggest that recovery of ToRSV-infected plants is associated with an Ago1-dependent mechanism that represses the translation of viral RNA2.
Introduction
Symptom recovery in virus-infected plants is characterized by the emergence of asymptomatic leaves after a systemic symptomatic phase of infection and has been linked with the induction of RNA silencing (Baulcombe, 2004) . RNA silencing, a ubiquitous gene regulation mechanism, is a well-established antiviral defense response in higher eukaryotes, notably in plants (Burgyan and Havelda, 2011; Ding, 2010; Omarov and Scholthof, 2012; Pumplin and Voinnet, 2013; Wang et al., 2012) . Small RNAs provide the sequence specificity of RNA silencing by guiding the RNA-induced silencing complex (RISC) to its target. In the case of RNA viruses, regions of the viral genome with extensive secondary structure or double-stranded RNA replication intermediates are cleaved by DICER-LIKE endoribonucleases to produce viral-derived smallinterfering RNAs (vsiRNAs). ARGONAUTE (AGO) proteins are the main components of the RISC and the effectors of silencing. Plant AGO proteins interact with the vsiRNAs and have been shown to direct the degradation of the viral RNA genome (Carbonell et al., 2012; Ciomperlik et al., 2011; Omarov et al., 2007; Pantaleo et al., 2007) . Consistent with the notion that symptom recovery is caused by the induction of RNA silencing, recovered leaves of plants infected by some wild-type viruses, notably nepoviruses, caulimoviruses and tobraviruses, have reduced levels of viral RNAs compared to symptomatic leaves and display sequence-specific resistance to secondary infection (Al-Kaff et al., 1998; Covey et al., 1997; Ratcliff et al., 1997; Ratcliff et al., 1999) . Many plant viruses encode suppressors of RNA silencing (VSRs) that sequester vsiRNAs and prevent the loading of RISC or that target one or several RNA silencing enzymes, often AGO proteins (Burgyan and Havelda, 2011; Omarov and Scholthof, 2012) . Viruses with strong VSRs usually cause severe systemic infections, while mutant derivatives that are defective in their silencing suppression activity display attenuated symptoms, sometimes leading to recovery. For example, Nicotiana benthamiana plants infected with mutant tombusviruses that lack the p19 suppressor of silencing recover from infection and recovered leaves show decreased levels of viral RNAs (Omarov et al., 2007; Szittya et al., 2002; Szittya et al., 2003) . RISC complexes purified from these recovered leaves have RNA slicing activity directed to the tombusvirus sequences (Omarov et al., 2007; Pantaleo et al., 2007) , reinforcing the idea that symptom recovery requires the induction of an RNA silencing mechanism that degrades the viral RNA. However, symptom recovery is not always linked with viral RNA clearance, although it is generally associated with the induction of an RNA silencing response (Jovel et al., 2007; Xin and Ding, 2003; Zhang et al., 2012) . Recently, Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/yviro temperature-dependent symptom attenuation in Arabidopsis thaliana plants infected with turnip crinkle virus was linked to an RNA silencing mechanism that depends on DCL2, AGO2 and HEN1 (an RNA methyltransferase) but allows robust accumulation of viral RNAs . The genetic determinants leading to the establishment of symptom recovery in plant infected with other viruses have not been studied. For example, it is not known whether deficiency in one or several AGO proteins can affect the outcome of these natural infections.
AGO1, AGO2 and AGO7 have been implicated in the antiviral response based on the increased susceptibility of plants deficient for these proteins (Alvarado and Scholthof, 2012; Carbonell et al., 2012; Harvey et al., 2011; Jaubert et al., 2011; Morel et al., 2002; Pumplin and Voinnet, 2013; Qu et al., 2008; Scholthof et al., 2011) . VsiRNAs co-immunoprecipitate with AGO1 and AGO2 (Azevedo et al., 2010; Wang et al., 2011) and double ago1ago2 mutants show synergistic effects compared to single mutants, suggesting that they have distinct functions in antiviral RNA defenses (Pumplin and Voinnet, 2013) . The antiviral RNA slicing activity of AGO2 has been experimentally confirmed (Carbonell et al., 2012) . However, the role of AGO1 in antiviral defenses remains to be further clarified. In addition to RNA slicing, AGO1 represses the translation of messenger RNAs (mRNAs) (Brodersen et al., 2008; Lanet et al., 2009; Yang et al., 2012) . The translation repression is mediated by plant microRNAs (miRNAs) or siRNAs that share perfect or nearperfect complementarity with the target mRNA (Aukerman and Sakai, 2003; Brodersen et al., 2008; Chen, 2004; Gandikota et al., 2007) . That translation repression functions as an antiviral mechanism in plants has been proposed (Dunoyer and Voinnet, 2005) , but so far only a few lines of evidence support this suggestion. A. thaliana plants deficient for dsRNAbinding protein 4 (DRB4, a partner of DICER4) showed enhanced accumulation of the coat protein (CP) of turnip yellow mosaic virus without changes in viral RNA concentration (Jakubiec et al., 2012) , suggesting the relief of a silencing mechanism involving translation repression of the viral genome. Translation repression was also implicated in the virus resistance induced by NB-LRR resistance genes (Bhattacharjee et al., 2009) .
Nepoviruses have a bipartite positive-strand RNA genome (Sanfacon, 2008; Sanfacon et al., 2006) . The two RNAs are translated into two large polyproteins, which are cleaved by the viral protease. Replication proteins and the protease are encoded by RNA1, while the CP and movement protein (MP) are encoded by RNA2. Symptom recovery in two plant-nepovirus interactions (tomato black ring virus-infected Nicotiana clevelandii plants and tobacco ringspot virus-infected N. benthamiana plants) results in reduced levels of viral RNAs in the recovered leaves (Ratcliff et al., 1997; Siddiqui et al., 2008) . Consistent with the idea that RNA silencing directs viral RNA clearance, recovery from tobacco ringspot virus infection is prevented in transgenic lines expressing various suppressors of silencing and this is concomitant with increased viral RNA accumulation (Siddiqui et al., 2008) . In contrast, recovery of tomato ringspot virus (ToRSV, another nepovirus)-infected N. benthamiana plants is not associated with viral RNA clearance in spite of active RNA silencing triggered against viral sequences (Jovel et al., 2007) . Thus, the molecular mechanisms that lead to symptom recovery are not wellestablished for the ToRSV-N. benthamiana interaction. In this report, we show that recovery of ToRSV-infected plants is associated with a reduction in the steady-state levels of viral proteins and decreased translation of the corresponding viral RNA. We also show that the recovery does not occur in plants silenced for Ago1 or in wild-type plants grown at lower temperature and that translation of the viral RNA remains active under these conditions. We discuss a model in which symptom recovery is associated with an Ago1-dependent mechanism that represses the translation of the viral genome.
Results
Temperature-dependent symptom recovery in ToRSV-infected N. benthamiana plants is associated with reduced viral CP accumulation and increased vsiRNAs levels RNA silencing is highly regulated and environmental conditions such as elevated temperature have been shown to enhance silencing efficiency against viruses, often resulting in decreased symptomatology or enhanced recovery (Chellappan et al., 2005; Szittya et al., 2003; Velazquez et al., 2010; Zhang et al., 2012) . Symptom recovery was previously described in ToRSV-infected N. benthamiana plants grown under greenhouse conditions (Jovel et al., 2007) . In this study, we re-examined the kinetics of viral infection in controlled environmental growth chambers at two different temperatures (21 1C and 27 1C). At 27 1C, ringspot symptoms developed on the inoculated leaves 2-3 days postinoculation (dpi, Fig. 1(A) - (1)). At 4 dpi, young leaves above the inoculated leaf developed vein clearing symptoms ( Fig. 1(A) - (2)). By 8 dpi, newly emerging leaves were asymptomatic and the plant recovered from infection ( Fig. 1(A) - (3) and (7)). In contrast, symptom recovery was not observed at 21 1C. At this temperature, the infection progressed slower and the first symptoms appeared at 4 dpi. Ringspot symptoms developed on inoculated leaves but were less prominent than those observed in plants grown at 27 1C ( Fig. 1(A) - (4)). Symptoms developed on upper non-inoculated leaves at 5 dpi and progressed to severe necrosis ( Fig. 1(A) - (5-7)). At late stages of infection, although some young leaves remained non-necrotic, they were highly symptomatic ( Fig. 1(A) - (7)). Thus, the outcome of ToRSV infection was influenced by the temperature.
Accumulation of viral RNA and proteins was evaluated during the course of infection. We focussed our attention on the accumulation of the MP and CP, for which high affinity specific antibodies were available, and of RNA2, which encodes these proteins. Pools of 18-25 leaves were taken from 9-10 plants at each time point. Leaves were collected from different plants from the same batch for each time point to ensure that collection of leaves at an earlier time point did not affect the progress of infection. Experiments were repeated 3-5 times with consistent results. Accumulation of RNA2 increased rapidly at 27 1C ( Fig. 1(B) ). As previously shown (Jovel et al., 2007) , the level of RNA2 was high in symptomatic and in recovered leaves. At 5 dpi, MP and CP also accumulated to high levels in young systemically-infected symptomatic leaves ( Fig. 1 (B) and (C)). The steady-state levels of these proteins declined later in infection and were very low in recovered leaves ( Fig. 1 (B) and(C)). At 21 1C, RNA2 accumulation progressed slower (compare levels of RNA2 in systemically infected leaves at 5 dpi at 21 1C and 27 1C) but attained a high steady-state level by 8 dpi. The accumulation of CP and MP progressively increased during the course of infection at 21 1C. These results indicate that symptoms are associated with accumulation of viral proteins while symptom recovery is concomitant with a reduction in viral protein concentration.
We next examined the induction of host defense responses. At 27 1C, vsiRNAs accumulated earlier in infection and reached higher levels when compared to their accumulation at 21 1C ( Fig. 1(D) ), suggesting that the antiviral RNA silencing machinery was less active at lower temperature, possibly in part due to the slower accumulation of viral RNAs. Temperature-dependent activation of RNA silencing has been described by others (Szittya et al., 2003; Zhang et al., 2012) . The results also confirm our previous observation that ToRSV-specific RNA silencing is active in recovered leaves (Jovel et al., 2007) . ToRSV also induces a hypersensitive-like (HR-like) response in N. benthamiana, which is characterized by the induction of PR1a (coding for the pathogenesis-related protein 1a) expression, reactive oxygen species, cell death and transport blockage but does not prevent virus movement to non-inoculated leaves (Jovel et al., 2007) . Expression of PR1a was induced in symptomatic leaves at both temperatures ( Fig. 1(E) ). In contrast, PR1a mRNAs were only detectable at low levels in recovered leaves. Symptomatic infection of N. benthamiana by ToRSV has been shown to be associated with down-regulation of photosynthetic genes, such as RbcS (coding for the small subunit of RUBISCO) (Dardick, 2007) . Consistently, our results show a reduction of RbcS expression in symptomatic leaves at both temperatures ( Fig. 1(E) ). However, RbcS mRNAs were readily detected in recovered leaves at 27 1C. These results suggest that the HR-like response activated by ToRSV in symptomatic leaves is not maintained in recovered leaves in spite of the high concentration of viral RNAs. We hypothesize that ToRSV-induced symptoms are at least in part related to the induction of the HR-like response and that a viral protein (rather than viral RNA) is responsible for the induction and maintenance of this response.
Reduced rate of translation of viral RNA2 at late stages of infection at 27 1C
The decreasing steady-state levels of CP and MP observed in recovered leaves at 27 1C could be explained by a reduced rate of translation of RNA2. A standard method to investigate the translational state of an mRNA is to perform polysome profiling. However, the presence of encapsidated viral RNA in infected plant extracts complicated this analysis. The viral particle peak partially overlaps with the monosome and early polysome peaks in the gradient, preventing accurate measurements of the relative ratio of viral RNAs associated with monosomes or polysomes (data not shown). Therefore, we adopted an alternative approach and measured the rate of synthesis of CP using In vivo labeling experiments followed by immunoprecipitation of the CP. To do this, the petioles of detached leaves were submerged in a solution of [ 35 S]-methionine for 2 h. To provide a meaningful comparison of the rate of translation at various stages of infection, inoculations of a single batch of plant were staggered so that leaves representing different stages of infection could be labeled in parallel on a single day. The experiment was repeated three times with similar results and a typical result is shown (Fig. 2) . At 3 dpi, symptoms were just starting to develop on upper non-inoculated leaves. In spite of the low steady-state levels of viral RNA2 and CP (Fig. 2(A) ) present in these leaves, labeling of newly synthesized CP was evident (Fig. 2  (B) ). At 4 dpi, symptoms were fully developed on the leaves and high steady-state levels of RNA2 and CP were present ( Fig. 2(A) ). The CP was efficiently immunoprecipitated (see Coomassie blue stained gel, lower IP-CP panel, Fig. 2(B) ). However, labeling of the CP was drastically reduced (upper IP-CP panel, Fig. 2(B) ). Similarly, in recovered leaves (10 dpi), labeling of CP was barely detectable. These results demonstrate active translation of RNA2 early in infection and reduced translation of this RNA in later stages of infection. In contrast, although labeling of host proteins was possibly reduced early in infection, it was as efficient in recovered leaves as in mock-inoculated leaves (see unbound fractions, Fig. 2  (B) ). Thus, the reduced translation of RNA2 in recovered leaves was not due to a reduced uptake of [ 35 S]-methionine. Since reduction of CP steady-state levels was not observed during ToRSV infection at 21 1C, we also examined the rate of translation of RNA2 at this temperature. Because we had observed reduced translation of RNA2 as early as 4 dpi in ToRSV-infected systemic leaves at 27 1C, we compared the rate of translation at 6 dpi at 21 1C and 27 1C. It would be technically challenging to go beyond this time point at 21 1C as the petioles become necrotic, thereby preventing efficient uptake of the labeled methionine. As mentioned above, RNA2 accumulated at later time points at 21 1C and was not detectable in upper non-inoculated leaves at 3 dpi ( Fig. 2(C) ). At 6 dpi, the steady-state levels of RNA2 and CP are similar at 21 1C and 27 1C (Fig. 2(C) ). Staining of the immunoprecipitated fractions confirmed efficient pull-down of the CP (Fig. 2  (D) , lower panel). However, efficient labeling of CP was only observed in leaves grown at 21 1C (Fig. 2(D), upper panel) . Thus, active translation of RNA2 was observed at 6 dpi in ToRSV-infected systemic leaves at 21 1C, while at this stage translation of this RNA was drastically reduced at 27 1C.
Recovery is compromised by down-regulation of NbAgo1
The reduced translation rates of RNA2 observed at 27 1C was accompanied by an apparent increase in RNA silencing (as shown by the increased accumulation of siRNAs at 27 1C compared to 21 1C, Figs. 1(D), 2(C) ). This raised the possibility that RNA silencing is involved in a temperature-dependent mechanism that represses the translation of ToRSV RNA2. We used the tobacco rattle virus (TRV) vector to silence Ago genes, which are the main components of the RISC complex. N. benthamiana encodes two Ago1-like genes (NbAgo1-1 and NbAgo1-2) and two Ago4-like genes (NbAgo4-1 and NbAgo4-2) (Jones et al., 2006) . We used TRV constructs targeting NbAgo1, NbAgo2 and NbAgo4, which have previously been shown to efficiently silence all copies of the corresponding genes (Jones et al., 2006; Scholthof et al., 2011) . We also used a TRV vector that targets Sgt1 (Suppressor of G2 allele of SKP1), a gene coding for a cochaperone required for R gene function (Peart et al., 2002; Wang et al., 2010) . Specific silencing of each target gene was confirmed by Northern blots of enriched mRNA fractions (Fig. 3(A) ). As reported previously (Jones et al., 2006; Peart et al., 2002; Scholthof et al., 2011) , plants silenced for Ago1 or Sgt1 were stunted while plants silenced for Ago2 or Ago4 were morphologically indistinguishable from plants treated with the TRV:00 control vector (Fig. 3(E)-(1-5) , mock-inoculated plants shown on the left of each panel). ToRSVinfection was observed in all treated plants, resulting in the accumulation of viral RNAs (Fig. 3(B) and (C)). Although a delay in the establishment of ToRSV infection was observed in Ago1-silenced plants, by 7 dpi the accumulation of viral RNA and CP was similar in Ago1-silenced plants and control plants (Fig. 3(C) ). This initial delay was not solely due to the stunted growth of the Ago1-silenced plants as it was not observed in Sgt1-silenced plants (Fig. 3(B) ). Establishment of ToRSV infection was also not delayed in plants silenced for Ago2 or Ago4 (Fig. 3(B) ). ToRSV infection did not interfere with the silencing of the target gene, as shown for Ago1-silenced plants (Fig. 3(D) , compare levels of Ago1 mRNAs in mock-inoculated 
plants or upper systemically-infected leaves of ToRSV-infected plants).
Symptom recovery of ToRSV-infected plants grown at 27 1C was not affected by silencing of Ago2, Ago4 or Sgt1 (Fig. 3(E)-(1-4) ). In contrast, Ago1-silenced plants did not recover from ToRSV-infection at 27 1C (Fig. 3(E) -(5-6)). As observed in wild-type plants grown at 21 1C ( Fig. 1(A) - (7)), some leaves remained non-necrotic in Ago1-silenced plants grown at 27 1C, but were otherwise symptomatic (Fig. 3(E)-(6) ). CP levels were low in recovered leaves from control plants or from plants silenced for Ago2, Ago4 and Sgt1 while Ago1-silenced plants displayed higher steady-state levels of CP late in infection (16 dpi) (Fig. 3(F) ). Accumulation of vsiRNAs was lower in Ago1-silenced plants compared to the other plants (Fig. 3(F) and (G) ). Next, we studied the rate of synthesis of CP in systemically infected symptomatic leaves in Ago1-silenced and control plants. We conducted these experiments at 6 dpi, before the onset of necrosis in Ago1-silenced plants. At this time point, the steady-state levels of RNA2 and CP were similar in control plants and in Ago1-silenced plants (Fig. 3(G) ). Although, immunoprecipitation of CP was efficient in both cases (see stained gels, Fig. 3(H) ), CP labeling was more efficient in Ago1-silenced plants than in control plants, suggesting that the reduced rate of translation of RNA2 is associated with symptom recovery at 27 1C, and that this process is dependent directly or indirectly on AGO1.
Translation of RNA2 is partially reactivated in temperature-shift experiments
In mammalian cells, miRNA-mediated translation repression is reversible under certain stress conditions, allowing responsive regulation to environmental conditions (Bhattacharyya et al., 2006) . We investigated whether translation of ToRSV RNA2 can be reactivated by shifting recovered plants from 27 1C to 21 1C. Plants were inoculated with ToRSV and allowed to grow at 27 1C until recovery was well-established (10 dpi, Fig. 4(A) ). A batch of plants was moved to 21 1C and another batch was kept at 27 1C. Plants shifted to 21 1C showed a slight increase in CP levels 10 days after shifting (20 dpi), while plants kept at 27 1C showed a further decrease in CP levels (Fig. 4(B) ). The shift to 21 1C was also accompanied with a decrease in the accumulation of vsiRNAs compared to plants kept at 27 1C (Fig. 4  (B) ). This suggests that RNA2 translation was partially reactivated after the shift to 21 1C and that this occurs in association with a reduction in RNA silencing activity. Levels of PR1a mRNAs decreased steadily in ToRSV-infected plants that were kept at 27 1C, but were reinduced although to low levels in plants shifted at 21 1C (Fig. 4(C) ). This induction of PR1a expression was concomitant with increased levels of viral CP, indicating a reactivation of the HR-like response. However, this response was weaker than that initially observed in younger plants and new symptoms were not observed after the temperature shift.
The low levels of viral proteins observed after the temperature shift may be below the threshold required to initiate a symptomatic HR-like response, as previously shown for other plant-virus interactions (Komatsu et al., 2011) . Alternatively, it may be related to a reduced susceptibility of older plants to ToRSV infection. To test this, ToRSV-infected or equivalent mock-inoculated plants were reinoculated with ToRSV at the time of temperature shift ( Fig. 5(A) ). Reinoculation of ToRSV-infected plants did not result in increased accumulation of CP or increased symptoms compared to plants that received only the first inoculation (Fig. 5(B) and (C)), confirming that recovered leaves are resistant to secondary inoculation. In contrast, plants that only received the second inoculation showed the typical progression of ToRSV-infection observed in younger plants (Fig. 5(B) ). Accumulation of CP and induction of PR1a mRNAs was higher in plants that received only the second inoculation than in similar-aged plants that had undergone initial recovery from ToRSV infection at 27 1C (Fig. 5(C) ). Taken together, these results suggest that older plants are able to support new ToRSV infection and to sustain vigorous translation of RNA2. Thus, the reinduction of viral RNA2 translation after a temperature shift in ToRSV-infected plants (plants that only received the first inoculation) is partial.
Discussion
In this study, we have examined the temperature-dependent symptom recovery in ToRSV-infected N. benthamiana plants. We have previously shown that viral RNA clearance is not a pre-requirement for symptom recovery in ToRSV-infected plants (Jovel et al., 2007) . We now show that in spite of the similar steady-state levels of viral RNA2, the accumulation of two RNA2-encoded proteins (CP and MP) is significantly reduced in recovered leaves compared to young symptomatic systemic leaves (Fig. 1) . In vivo labeling experiments demonstrated that under conditions that ultimately lead to symptom recovery, translation of viral RNA2 is robust at early stages of infection (3 dpi), but is drastically reduced later on (Fig. 2) . We do not know at this time whether this phenomenon is specific to RNA2 or whether translation of RNA1 is also arrested in plants that recover from infection. Reduced translation of RNA2 was observed as early as 4 dpi in symptomatic systemic leaves of plants grown at 27 1C, but did not result in reduced steady-state levels of viral proteins in young systemic symptomatic leaves collected at 5 dpi, probably because RNA2 was actively translated in these leaves at earlier time points (Fig. 1(B) ). By 8 dpi, some degradation of the viral CP was observed in older systemic symptomatic leaves (Fig. 1(B) ). In contrast, low levels of viral proteins were observed in recovered leaves (young or older leaves, Figs. 1 and 4) , suggesting that the RNA2 was never efficiently translated in these leaves.
What causes the reduction in RNA2 translation rate? The replication cycle of positive-strand RNA viruses consists of distinct phases in which the viral RNA is first translated, then replicated and eventually encapsidated. Thus, viral RNAs serve both as mRNAs and as templates for (-)-strand RNA synthesis. Viral RNAs that are actively translated cannot be efficiently replicated by the viral polymerase (Gamarnik and Andino, 1998) , implying that a switch from translation to replication is necessary. In mammalian cells infected with picornaviruses several mechanisms have been shown to regulate this switch, including the binding of viral proteins to the viral RNA to actively arrest translation (Gamarnik and Andino, 1998; Zhang et al., 2002) or the cleavage of translation factors by viral proteins (Bonderoff et al., 2008) . Although we cannot exclude the possibility that similar mechanisms contribute to the reduced translation of ToRSV RNA2 at late stages of infection, they imply an initial accumulation of viral proteins in the infected cells prior to the translational arrest, which is not consistent with the low steady-state levels of viral proteins observed in recovered leaves. Rather, the apparent lack of efficient translation of viral RNA2 in recovered leaves suggests the induction of a non-cell autonomous mechanism, such as RNA silencing, that could either directly target the viral RNAs or indirectly target cellular factors that specifically enhance the translation of the viral RNAs. In agreement with this suggestion, the reduction in the translation rate of RNA2 was not observed under conditions in which RNA silencing was less active, i.e. in plants grown at lower temperatures or in plants that were silenced for Ago1 (Figs. 2 and  3) . Given the known function of AGO1 in directing the translation repression of plant mRNAs using miRNAs or siRNAs (Brodersen et al., 2008) , we would like to propose that AGO1 is implicated in an RNA silencing mechanism that directly or indirectly arrests the translation of ToRSV RNA2. However, our results do not exclude the possibility that AGO1 influences other aspects of the N. benthamiana-ToRSV interaction leading to the recovery. AGO1 regulates the expression of defense-related genes through the miRNA pathway and silencing or mutation of Ago1 can result in enhanced R gene responses (Bhattacharjee et al., 2009 ) and constitutive expression of defense related-genes Li et al., 2010; Shivaprasad et al., 2012; Yi and Richards, 2007) . Such enhanced defense responses in Ago1-silenced plants may explain the initial delay in ToRSV infection observed in these plants, although the plants became systemically infected at later stages of infection. The enhanced defense responses may also contribute to the increased severity of symptoms and the absence of recovery in Ago1-silenced plants. Results presented here and earlier (Jovel et al., 2007) indicate that symptoms develop concomitantly with an HR-like response, while this response is apparently inactive in recovered leaves. The results of the temperature-shift experiment also indicated that symptom intensity is correlated with the strength of the HRlike response (as measured by the up-regulation of PR1a mRNA) and the steady-state levels of viral proteins (Figs. 4 and 5 ). This suggests that one or several viral proteins act as an elicitor for the HR-like response in a dose-dependent manner.
Symptom recovery in virus-infected plants has been compared to the latency phase of retrovirus-infected mammalian cells (Baulcombe, 2005; Saumet and Lecellier, 2006) . In both cases, the virus persists at low levels and although it is targeted by RNA silencing mechanisms, it remains undetected by other defense responses, protecting host cells from catastrophic apoptotic or necrotic responses. In the case of human immunodeficiency virus, a cellular miRNA directs translation repression of the viral genome allowing the maintenance of viral RNAs while preventing accumulation of viral proteins (Qian et al., 2009 ). The case has been made that miRNA-directed translation repression of retroviruses should be viewed as a promoter of persistent infection rather than an antiviral defense (Mahajan et al., 2009 ). As discussed above, in ToRSV-infected plants, activation of the necrotic response requires a minimal threshold of viral protein accumulation. The reduced translation rate of RNA2 would allow the virus to remain undetected by the necrotic response and to invade meristematic tissues, allowing for seed transmission of the virus. Because the translation repression mechanism is at least partially reversible, under some conditions (e.g., lower temperature) viral proteins would accumulate to higher concentration leading to a more acute phase of infection. In conclusion, our results identify translation repression as a responsive mechanism regulating symptom development and maintenance in ToRSV-infected plants. Combined with earlier studies that established a link between viral RNA clearance and recovery in other plant-nepovirus interactions (Ratcliff et al., 1997; Siddiqui et al., 2008) , our results also indicate that several distinct mechanisms can cause the onset of symptom recovery in nepovirus-infected plants.
Materials and methods

Virus inoculations
Experiments were performed in conviron climatic chambers with a 16-h day length. N. benthamiana seedlings were initially grown at 27 1C. One day prior to inoculation, plants were shifted to 21 1C or kept at 27 1C. Virus inoculations were as described (Jovel et al., 2007) using ToRSV-Rasp1, an isolate from a raspberry field in Washington state, USA (Jafarpour and Sanfacon, 2009; Wang and Sanfacon, 2000) .
Isolation and detection of RNA
Total RNA extraction and Northern experiments were performed as described (Jovel et al., 2007) , with the exception that hybridization and washes were conducted at 60 1C. Ethidium bromide staining of rRNAs is shown as load controls for all blots using total RNAs. For detection of low copy number transcripts (e.g., Ago genes), mRNAs were purified from 75 mg of total RNA using oligodT-bound Dynabeads (Invitrogen). 1 μg of the purified mRNA was loaded in each well. EIf1α was used as a loading control for the quantification of Ago genes as it was previously reported to be a stable reference gene for TRV-directed VIGS experiments in N. benthamiana (Liu et al., 2012) . Probes for viral RNA2 and PR1a mRNA (Jovel et al., 2007) , EIF1α mRNA (Bhattacharjee et al., 2009) and RbcS mRNA (Moore et al., 2001) were previously described. For other probes, cDNA fragments were amplified using the following forward (F) and reverse (R) primers: Ago1-F (5 0 aagagacttccagcatatgatgg 3 0 ), Ago1-R (5 0 aatgcagtggaagacatatcg 3 0 ), Ago2-F (5 0 aagagacttccagcatatgatgg 3 0 ), Ago2-R (5 0 aatgcagtggaagacatatcg 3 0 ), Ago4-F (5 0 gagcatattgtaatattcagggat 3 0 ), Ago4-R (5 0 accaccatggcttgacgatgtctct 3 0 ), Sgt1-F (5 0 atgtccaccaaaattgagatc 3 0 ), Sgt1-R (5 0 tagatctcccatttcttcagc 3 0 ). For siRNA detection, 15 mg of total leaf RNA was separated on a 15% denaturing polyacrylamide gel by electrophoresis and transferred to Hybond-N-membranes by electroblotting. The RNAs were chemically cross-linked to the membrane and hybridizations with radiolabeled probes were performed as described (Pall and Hamilton, 2008) .
Isolation and detection of proteins
Preparation of S3 extracts from leaf tissues and immunoblotting were carried out as described (Han and Sanfacon, 2003) . Rabbit polyclonal antibodies produced against a peptide (PARLP-DILDDKSEV) corresponding to the central region of the ToRSV CP were used to detect the CP in immunoblots. Immunoblots to detect MP were conducted using rabbit polyclonal antibodies raised against a previously described recombinant MP protein (Wieczorek and Sanfacon, 1993) . Ponceau S staining of the large RUBISCO subunit (RbcL) is shown as a loading control for all immunoblots.
In vivo labeling experiments and immunoprecipitation
In vivo labeling of detached leaves was performed by placing the petioles in an aqueous solution (800 ml) containing 20 mCi of [ 35 S]-methionine for 2 h at room temperature. Preparation of leaf extracts and immunoprecipitations were conducted as described (Schott et al., 2012) using polyclonal rabbit antibodies raised against a peptide (TLETNNPVGRPPENVD) located in the Cterminal region of the CP.
VIGS assays
VIGS assays were as described (Bhattacharjee et al., 2009 ) with minor changes. Three week old N. benthamiana plants were agroinfiltrated with TRV vectors targeting Ago1, Ago2, Ago4 or Sgt1 (Jones et al., 2006; Peart et al., 2002; Scholthof et al., 2011) . Plants were kept at 21 1C for ten days to establish the VIGS and then transferred to 27 1C. Plants were acclimatized for one day and then inoculated with ToRSV.
